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Abstract
District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 
In this work, the potential of multi-injection strategies coupled with EGR to improve the trade-off relationship of NOx-BSFC 
(Brake specific fuel consumption) is carefully studied by multi-dimensional simulation using CONVERGE in a low-speed two-
stroke diesel engine. The present study reveals that by introducing high EGR rate, the reduction of NOx emissions, the peak heat 
release rate and the peak pressure can be observed. But the effective fuel consumption rate is increased. We investigate the 
effects of various multiple-injection strategies on the engine performance, that is, single pilot-injection, single post-injection, 
single pilot-injection c mbined with single post-inj ction, and double pilot-injections, c upl d with 39% EGR. The result  show 
that low BSFC can be effectively achieve  by a single pilot-injection strategy of small int rval and larg quantity. However, with 
a compreh nsive consideration of low NOx emissions an  BSFC, a strategy of 25 °CA pilot-main int rval and 20% quantity 
should be chosen to obtain the best performance. The analysis of post-injection reveals that it is beneficial to reducing NOx 
emissions, but BSFC can be deteriorated. Moreover, it can be concluded that it is possible to achieve low NOx emissions and fuel 
consumption simultaneously by using the pilot-injection combined with post-injection. It also can be found that NOx emissions 
are deteriorated remarkably when using double pilot-injections. 
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1. Introduction 
Nowadays, more than 80% global transport is accomplished by sea ways [1]. Marine machines are dominated by 
diesel engines in the world market, due to their large power, high efficiency, low energy consumption, high 
reliability and many other advantages. At the same time, a lot of emissions, such as sulfuric compounds, nitrogen 
oxides, particulate matters and other pollutants are produced by diesel engines. In 1997, global emission limits were 
approved by the IMO diplomatic session and promulgated as Annex VI of MARPOL73/78 convention [2] to limit 
emissions of marine diesel engines, especially for NOx emissions. In October 2008, The Marine Environment 
Protection Committee (MEPC) of the IMO had adopted amendments to the MARPOL Annex VI regulations, clearly 
limiting the NOx emissions in marine diesel engines. NOx emissions regulation Tier II has come into force since 
2011, and Tier III which is stricter in Emission Control Areas (ECAs) has come into force since 2016, requiring a 
NOx reduction of 80% compared to the Tier I values [3]. As a consequence, technical measures, including EGR [4], 
multiple injections [5, 6], and natural gas operation [7], have been developed to meet the ever tightening emission 
regulations for low-speed marine engines.  
There is a trade-off relationship between NOx and BSFC (Brake specific fuel consumption), meaning that low 
NOx emissions can be produced with a penalty in BSFC [4]. Therefore, how to reduce NOx emissions of marine 
diesel engines in order to satisfy Tier III standards while maintaining low fuel consumption, is a significant purpose 
of researches. EGR is a promising and effective technology for NOx reduction by means of reducing combustion 
temperatures due to increasing the specific heat capacity of the cylinder gases and reducing the overall oxygen 
concentration. However, a power consumption of EGR blower, which is the main part of the auxiliary energy, is 
approximately 1% of fuel oil consumption at EGR ratio of 30% at full engine load. Drawing on the relevant 
technology of automobile diesel engine, with the application of high-pressure common rail and electronic control 
technology on marine diesel engines, it is possible to improve the fuel consumption rate and reduce the harmful 
emissions through the fuel injection strategies, but the effects are limited.  
Therefore, multiple injections coupled with EGR were employed to analyse their effects on combustion and 
emission characteristics. The final objective of the study is to find feasible strategies to meet the Tier III emissions 
legislations with little fuel penalty. Considering the disadvantages of long period, high cost and poor applicability of 
marine diesel engine tests, the multi-dimensional numerical simulation is widely used in marine engine researches 
and development processes, which can effectively make up the drawbacks of engine tests. A low-speed two-stroke 
diesel engine model is set up utilizing the three-dimensional simulation software CONVERGE (version 2.3) in this 
paper. The present work can provide a valuable insight for designing the new marine engine.  
2. Results and Discussion 
2.1. Model validation 
The present simulation is based on a marine engine with a cylinder bore 340 mm. In order to accurately simulate 
the performance and emissions of the engine, the calculation grids contain a complete set of inlet and exhaust. The 
three-dimensional calculation model is shown in Fig. 1(a). The setting of basic grid size is 2 cm and the minimum 
mesh size is 2.5 mm considering both the computing resources and engineering application. 
The working condition of the simulation is 75% load (142.6 r/min) with the amount of circulating fuel injection 
12.88 g. The reason for choosing 75% load is because of its importance of weighting in the ISO8178-E3 test cycle, 
which defines the maximum allowable NOx emission limits for marine engines under the IMO regulations [4]. 
Tetradecane (C14H30) is used as a surrogate for diesel fuel in this paper. The comparison between the numerical and 
the experimental cylinder pressure data at 75% load condition is shown in Fig. 1(b). The NOx emissions of 
simulation and experiment are 11.69 g/(kWh) and 12.03 g/(kWh), respectively. The results show that the maximum 
discrepancy between the experimental and numerical results is less than 3%, which is in a reasonable range and 
provides a clear indication for the model’s capability of accurately predicting both the combustion and NOx 
emissions. 
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Fig. 1. Computational grids of the model and comparison between the calculated and measured in-cylinder pressure. 
2.2. Effects of EGR on combustion and NOx emissions 
In this paper, effects of various proportions of EGR on combustion and NOx emissions were studied. The 
variation range of EGR rate was 8% ~ 47%. The profiles of BSFC and NOx emissions with different levels of EGR 
are shown in Fig. 2(a), and the effects of EGR on cylinder pressure and heat release rate (HRR) are shown in Fig. 
2(b). 
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Fig. 2. Effects of different EGR rate on BSFC and NOx emission, pressure and HRR.  
As shown in Fig. 2, by introducing high EGR rate, the reduction of the NOx emissions, the peak heat release rate 
and the peak pressure can be observed. But the effective fuel consumption rate is increased. When the EGR rate is 
up to 39%, the NOx emission decreases to 2.69 g/(kWh), in which case the Tier III legislation can be satisfied. But 
the BSFC increases by 5.33% compared to the result without EGR. Owing to the lack of oxygen (dilution 
mechanism) when EGR is applied, the combustion rate is reduced, leading to a longer combustion duration. Larger 
HRR is observed in the late expansion stroke, as depicted in Fig. 2(b). This is the main reason for the BSFC penalty. 
Therefore, it is necessary to combine other methods to improve the BSFC. In this paper, multiple-injection strategies 
are studied on the basis of the 39% EGR rate whose NOx emissions can satisfy the Tier III legislation. It is in order 
to improve the deteriorative BSFC caused by this high EGR rate and maintain low NOx emissions. 
2.3. Effects of multiple injections coupling with EGR on combustion and NOx emissions 
In this paper, based on 39% EGR, various multiple injection strategies are adopted: (I) single pilot-injection; (II) 
single post-injection; (III) single pilot-injection combined with single post-injection; (IV) double pilot-injections. 
The schematic diagram of the multiple injection strategy is shown in Fig. 3(a), in which the start timing of the main 
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injection is kept at 0 °CA ATDC. Effects of different multiple injection strategies on the trade-off relationship of 
NOx emissions and BSFC are shown in Fig. 3(b). 
It can be obtained that NOx emissions decrease with the advancement of pilot-injection timing and increase with 
the rise in pilot-injection mass. Meanwhile, the variation trend of BSFC is opposite to that of NOx emissions (as 
shown in red and blue curves in Fig. 3(b)). Fuel consumption increases with the retard of post-injection timing or the 
rise in post-injection mass, but NOx emissions can be effectively improved (as shown in black and green curves in 
Fig. 3(b)). On the whole, the pilot-injection is beneficial to reducing the fuel consumption but NOx emissions can be 
deteriorated, while the post-injection is beneficial to reducing NOx emissions but BSFC can be deteriorated. 
Moreover, (III) strategy (Pilot-Main-Post injection) is possibly beneficial to both NOx emissions and BSFC. NOx 
emissions are decreased by 8% and BSFC is decreased by 0.8% compared with the results of a single pilot-injection 
strategy (as shown in purple line in Fig. 3(b)); and BSFC is decreased by 2.4% compared with the results of single 
injection. However, NOx emissions deteriorate remarkably when using (IV) strategy (Pilot-Pilot-Main injection). 
Even though it is studied on the basis of 39% EGR, NOx emissions cannot satisfy the Tier III legislation. 
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(a) schematic diagram    (b) BSFC and NOx 
Fig. 3. The schematic diagram of multiple injection strategies and effects on the trade-off relationship between BSFC and NOx. 
    
      (a) temperature                                                                         (b) equivalence ratio 
Fig. 4. Contour images comparison in temperature and equivalence ratio (Ф) of different injection strategies.  
The distributions of local temperature and equivalence ratio in a cylinder under different injection strategies are 
shown in Fig. 4. It can be seen in Fig. 4(a) that by introducing the pilot-injection, the temperature in a cylinder is 
increased. Owing to the increase of local high-temperature zones in a cylinder during the main combustion period, 
NOx emissions are deteriorated. When post-injection is employed, opposite trend is obtained compared to the results 
of pilot-injection. Meanwhile, when post-injection is introduced on the basis of pilot-injection, local high-
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temperature zones are decreased, resulting in the reduction of NOx emissions. It can be seen in Fig. 4(b) that by 
using (II) strategy, high-concentration fuel zones of main and delayed combustion period are increased remarkably, 
leading to insufficient combustion of fuel. Therefore, combustion duration can be increased, resulting in the 
deteriorative BSFC. When using (III) strategy compared with the results of (I) strategy, though high-concentration 
zones are increased during the delayed combustion period, the increment is little. Moreover, high-concentration fuel 
zones of the main-combustion period are decreased remarkably (as shown at 5 °CA), resulting in the improvement 
of the main combustion. As a result, BSFC is lower than the result of single pilot-injection strategy (shown in purple 
line in Fig. 3(b)). Comprehensively considering NOx emissions and BSFC, (III) strategy should be considered as the 
preferable injection strategy.  
Meanwhile, it can be seen from the results of single pilot-injection strategies in blue curve in Fig. 3(b) that when 
the pilot-main interval is 25 °CA, BSFC remains nearly the same but NOx emissions decrease by 12.3% compared 
with the 15 °CA interval condition. While the fuel consumption deteriorates more remarkably when further 
expanding the interval. The main reason is that the fuel pre-injected at an early time can impinge on the wall of the 
chamber due to non-ignition, influencing the fuel evaporation, atomization, and breakup. The earlier the fuel is pre-
injected, the more diesel fuel impinges on the wall. It can be seen in Fig. 5 that when the pilot-main interval is 
35 °CA, there is a large amount of fuel impinging on the wall, resulting in a decreasing in fuel efficiency, thus an 
obvious increase in fuel consumption can be found. But when the pilot-main interval is 25 °CA, compared with the 
result of 15 °CA interval, the deterioration of fuel consumption is not obvious mainly due to little or no fuel 
impinging on the wall under this condition. At the same time, this part of fuel pre-injected is beneficial to decreasing 
the combustion temperature in cylinder, leading to the reduction of NOx emissions. As shown in Fig. 5, with the 
increasing of the pilot-main interval, the heat release rate is reduced during the first-stage of ignition, and the 
average temperature in the cylinder is lower before profiles of temperature increasing significantly. Based on this, a 
pilot-injection strategy of large quantity and 25 °CA interval may get better NOx emissions and a fine BSFC can be 
maintained simultaneously. Note that for all pilot-injection strategies in which NOx emissions satisfy the Tier III 
legislation, BSFCs are relatively low when using both two strategies (a pilot-injection strategy of 20% in quantity 
and 25 °CA interval; a pilot-injection strategy of 15% in quantity and 5 °CA interval). In the former, NOx emissions 
decrease by 5.3% compared with the result of the latter, and the fuel consumption only increases by 0.07%. The 
former strategy is better on the concern of both NOx emissions and BSFC.  
 
Fig. 5. Effects of different intervals on cylinder temperature and HRR. (Red particles represent the distributions of diesel.) 
Note that NOx emissions of all single post-injection strategies can satisfy the Tier III legislation. But BSFCs 
deteriorate more remarkably compared with the result of a single injection, except the condition of small intervals 
such as 5 °CA interval. When the interval is 5 °CA, NOx emissions decrease by 9% while BSFC decreases by 0.9% 
compared with the results of a single injection. Therefore, comprehensively considering the low NOx emissions and 
fuel consumption, a strategy of small post-injection quantity and interval should be chosen as the best post-injection 
strategy. Meanwhile, post-injection coupled with pilot-injection can be considered to realize the two complementary 
advantages, giving full play to the advantages of post-injection on NOx reduction and improving the fuel 
consumption through pilot-injection. 
Based on the best pilot-injection in previous studies (25 °CA interval, 20% mass), BSFC decreases by 1% when 
using single post-injection of 5 °CA interval and 5% mass compared with the results of using single post injection of 
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10 °CA and 10% mass, while NOx emissions are almost the same in two working conditions. It can be seen that 
BSFC can be reduced effectively when coupling pilot-injection with post-injection followed by a small post-
injection quantity and interval, while NOx emissions deteriorate not significantly.  
3. Conclusions: 
Three-dimensional CFD simulations were carried out to investigate the effects of multiple injection strategies 
coupled with EGR on the trade-off relationship of NOx-BSFC in a large two-stroke marine engine operating at 75% 
load. The CFD model was validated with the experimental data, and it showed a good agreement between the 
predicted and experimental results. The main conclusions of this study can be summarized as follows: 
(1) By introducing high EGR rate, the reduction of NOx emissions, the peak heat release rate and the peak pressure 
can be observed. But the effective fuel consumption rate is increased. About 39% EGR is required to meet the 
Tier III NOx emissions. However, heavy EGR in two-stroke marine engine leads to the deterioration in 
combustion and fuel economy due to lower oxygen concentration. Therefore, it is necessary to combine other 
methods with EGR to improve the BSFC, such as multiple-injection strategies coupled with EGR. 
(2) Generally, NOx emissions decrease with the advancement of pilot-injection timing and increase with the rise in 
pilot-injection mass, while the variation trend of BSFC is opposite to that of NOx emission. When the pilot-
main interval is 25 °CA, BSFCs are almost the same but NOx emissions decrease by 12.3% compared with the 
15 °CA interval condition. The deterioration of fuel consumption is becoming obvious when further expanding 
the interval. On the basis of 39% EGR, it is better to choose a pilot-injection strategy of small interval and large 
quantity to achieve low BSFC. With comprehensively considering NOx emissions and BSFC, it is the best to 
choose a pilot-injection strategy of 25 °CA interval and 20% mass. 
(3) Fuel consumption increases with the retard of post-injection timing or the rise in post-injection mass, but NOx 
emissions can be effectively improved. Only when the main-post injection interval is small such as 5 °CA, 
BSFC is lower compared with the result of the single injection. Therefore, with comprehensively considering 
the low NOx emissions and fuel consumption, a strategy of small post-injection quantity and interval should be 
chosen as the best post-injection strategy. Meanwhile, it is better to choose a strategy of post-injection coupled 
with pilot-injection to achieve low NOx emissions and fuel consumption. 
(4) When using the pilot-injection combined with post-injection, it is possible to achieve lower NOx emissions and 
fuel consumption simultaneously compared with the results of only using single pilot injection. BSFC can be 
reduced effectively while NOx emissions deteriorate not significantly when coupling pilot-injection with post-
injection followed by a small post-injection quantity and interval. However, NOx emissions deteriorate 
remarkably when using double pilot-injections. Even though it is studied on the base of 39% EGR, NOx 
emission cannot satisfy the Tier III legislation. 
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